ABSTRACT This paper proposes a noninvasive switch open-circuit (OC) fault diagnosis method for a threelevel inverter based on voltage detection. Under both healthy and faulty operation, the possible values of two line voltages are analyzed, and the waveforms are obtained according to the analysis. Faults can be quickly diagnosed by the ratio, the voltage difference, and the arithmetic values of the two line-voltages. The time consumption of the single-switch OC faults diagnosis is less than half of a cycle. When some of two switches failures (double-switch OC faults) occur, faults can also be accurately located using this method, and these fault diagnosis processes can be completed within one cycle. Performance evaluation experiments are carried out to verify the effectiveness of the method. The results show that the proposed method is robust to load variation and immune to certain load OC failures. It was also found in the experiments that the diode OC faults can be distinguished from switch OC faults despite having similar fault features.
I. INTRODUCTION
Three-level inverters have been widely used in uninterruptible power supply and other industrial applications in recent years. Superior to two-level inverters, they not only reduce the stress on the switch but also improve the output voltage quality. Moreover, three-level inverters have the advantages of low switching losses, high voltage utilization, and low electromagnetic interference.
A serious weakness that need to be focused on, however, is that the number of switches of the main circuit doubles and the control strategy can become more complex as the voltage level of the inverter increases. Undoubtedly, this change causes a higher probability of inverter failures and reduces the reliability of the system. A failure of a device may cause the inverter to stop working, leading to the shutdown of the entire system and may even cause serious accidents or immeasurable economic losses.
A study [1] has reported that, semiconductor and soldering faults account for approximately 34% of power device failures, and power switch faults can result in both short-circuit (SC) and open-circuit (OC) faults [2] . Fast fuses are usually connected with switches in series to prevent SC faults which have a devastating impact. The switch is disconnected with other parts immediately when an SC fault is detected. In other words, OC faults represent a significant portion of inverter failures. Unlike SC faults, OC faults do not raise many concerns and can remain undetected for a long time, posing a great threat to the entire system. Fast diagnosis is necessary for fault impact minimization and the timely implementation of backup security strategy. Although researchers have investigated various fault-tolerant strategies [3] - [9] considering the inverter failures, the premise to realize these techniques is the accurate and on-line diagnosis of these failures.
A considerable amount of literature has been published on the subject of the OC fault diagnosis of inverters. These diagnostic methods can be divided into three groups according to the diagnostic variables.
1) Current-based methods. Park's Transformation is commonly used to obtain a current pattern in several diagnosis methods [10] - [13] . Faults can be located by the radius and the angle of the current pattern. They can be diagnosed by the fuzzy logic reasoning of the pattern as well. Park's Transformation is also required in some diagnosis methods based on the calculations of absolute average values [14] - [15] . The fault phase is identified by the absolute average values, and the fault switch is usually distinguished by the normalized average values. Model-based observer proposed in [16] is an effective approach for fault diagnosis, five-phase currents are used for calculation and faults can be located in half of a cycle. Multistate data processing and subsection fluctuation analysis is used for diagnosis purpose in [17] . The main fault features of three-phase currents are extracted by the multistate data processing and subsection fluctuation analysis, and faults are classified by the artificial neural network within one cycle. Repetitive current distortion is introduced in [18] . Three-phase currents are required in the method and faults can be located in one cycle. There are also many other fault diagnosis methods based on main fault component analysis [19] , allelic points [20] , signal symmetry reconstitution preprocessing [21] , harmonics and averaging [22] , current injection [23] , and bus current analysis [24] . The diagnostic time required for these methods varies from one cycle to two cycles. Although a large amount of fault features can be extracted from currents, currents can be greatly affected by load failures, which may lead to false diagnosis results.
2) Voltage-based methods. A few literatures utilize voltage-based methods for diagnosis. A line-to-line voltage model-based method is proposed in [25] . The voltage envelope line is generated for fault location purpose, and all the single-switch open-circuit faults can be diagnosed in half of a cycle. A diagnosis method based on Bayesian network is presented in [26] . The signal features are extracted by fast Fourier transform, the dimensions of samples are reduced using principal component analysis, and the faults are detected and diagnosed by Bayesian networks. However, it is not easy to find a large amount of real samples for training. Analytical model of three-phase voltages is also an accurate tool for inverter fault diagnosis [27] , but it cost about one cycle to locate the faults.
3) Multi-information-based methods. Some methods combine voltages and currents for fault diagnosis [28] - [32] , such as the DC voltage and output currents [29] , output voltages and currents [30] , the average of the normalized phase current and the change of the neutral-point voltage [32] . The time consumption of these methods varies from half of a cycle to more than one cycle [28] - [30] , and some methods even require about two cycles [31] , [32] . The diagnosis speed can be improved when the parameters and signals of the control system are utilized for diagnosis, because more details can be used to speed up the fault location. For example, the time consumption of the methods based on control system and currents/voltages is within half of a cycle [33] - [40] . In addition, there are some diagnostic methods based on other parameters, such as phase currents and angular velocity [41] - [43] , control signals and extra current sensor in DC side [44] , control signals and extra near-field antenna sensor near the DC cable [45] . Some of these methods can finish the diagnosis in about half of a cycle [40] , [41] , [45] . Although multi-source information helps to fully understand fault characteristics, it should be noted that more diagnosis variables do not definitely mean higher diagnosis reliability. The results may not be accurate as long as any information is wrong.
The state of the art in inverter fault diagnosis shows that there is no approach which is not only able to quickly distinguish multiple switch open-circuit faults and diode open-circuit faults with two variables, but also robust to load variation and certain load open-circuit failures. This paper proposed a noninvasive fault diagnosis method for threelevel inverters to overcome the limitation. Compared with existing works, the proposed method uses only two line voltages as diagnosis variables, and it does not require control signals or any modification of the original system. Singleswitch open-circuit faults can be located accurately within half of a cycle by the proposed method, which nearly half of existing methods are not able to achieve. The method is also able to distinguish some double-switch open-circuit faults and diode open-circuit faults. The proposed method is not affected by certain load open-circuit failures, which have great influence on feature extraction of some diagnosis variables, such as phase currents. And the most important thing is that, no existing method has referred to and studied the intractable problem yet.
The rest of the paper is organized as follows: Section II and Section III analyze the normal operation and fault operation of a three-level inverter, respectively. Section IV describes the diagnostic method. Section V describes the method validation and performance evaluation. Section VI summarizes the paper.
II. ANALYSIS OF THE THREE-LEVEL INVERTER UNDER NORMAL OPERATIONS
The topology of a three-level inverter is shown in Figure 1 . It comprises three legs. Each leg consists of four IGBTs with four body diodes and two clamping diodes. The DCbus voltage U d is split into two parts by using the series connection of two capacitors C 1 and C 2 . Voltages u ab and u bc are outputs of the inverter. Voltages u AB and u BC are outputs of the LC components.
Generally, the available signals of the inverter are the DC voltage, the line voltages and the line currents. The control VOLUME 7, 2019 signals are unavailable in certain applications that require high reliability. Therefore, two line voltages are selected for the analysis. Compared with the current detection method, the voltage detection is robust to load fluctuations.
Under health conditions, the control states (CS) of each phase are shown in Figure 2 . We define u x1 , u x2 , u x3 , and u x4 as the voltages of the four IGBTs of x phase (x = a, b, c). Then, we have:
Here, voltages u x1 ∼ u x4 are independent of the direction of the output currents. According to Kirchhoff's law, we have
(1)
Then, voltages u ab and u bc under three control states are calculated and listed in Table I . The theoretical waveforms obtained by the calculations are shown in Figure 3 .
III. ANALYSIS OF THE THREE-LEVEL INVERTER UNDER FAULTY OPERATIONS
According to the topology of the inverter, the bridges of the three phases are the same and the bridge structure is symmetrical. Therefore, the fault analysis is reducible to the analysis of VT x1 failure and VT x2 failure. The analysis of other switch failures can be obtained in a similar way. Under the condition of VT x1 failure, the control states (CS) of x phase are shown in Figure 4 . When CS x = 0 or −1, VT x1 is not activated and the output line voltages are normal. When CS x = 1, the switch voltages of the fault phase are related to the current direction and the control of the other two phases. We take a-phase as an example; if the current flows back into the inverter through VD a1 and VD a2 , then u a1 = u a2 = 0, u a3 = u a4 = U d /2. Otherwise, switch voltages are calculated as follows:
; if the current flows through VD 1 and VT a2 , then, u aN = U d /2, and we have
; if the current flows through VD 1 and VT a2 , then, u aN = U d /2 and u ab = 0.
When CS b = 1, CS c = −1, if no current exists, then,
; if the current flows through VD 1 and VT a2 , then, u aN = U d /2, and we have similarly, if the current flows into the load, then, u aN = U d /2, and u ab = 0.
When CS b = 0, CS c = −1, the current flows into the load, then, u aN = U d /2, and u ab = 0.
When
Therefore, the difference in line voltage u ab between normal conditions and VT a1 open-circuit fault conditions is summarized in Table II . The theoretical waveforms obtained by the calculations are shown in Figure 5 .
Under the condition of VT x2 failure, the control states (CS) of x phase are shown in Figure 6 . When CS x = −1, VT x2 is not activated and the output line voltages are normal. When CS x = 1 or 0, the switch voltages of the fault phase are related to the current direction and the control states of the other two phases.
We take a-phase as an example, when CS a = 1, we have: If the current flows back into the inverter through VD a1 and VD a2 , then u a1 = u a2 = 0, u a3 = u a4 = U d /2, and line voltage u ab is normal. Otherwise, the switch voltages are calculated according to both CS b and CS c .
When CS b = 1, CS c = 0, if no current exists, then, u aN = 3U d /4, and we have
; if the current flows into the load, then,
; if the current flows through VD a3 and VD a4 , then,
, u ab = 0; if the current flows into the load through VD a3 and VD a4 , then, 
When CS a = 0, we have: If the current flows back into the inverter through VT a3 and VD 2 
If the current does not exist or flows into the load, switch voltages are calculated according to both CS b and CS c .
When CS b = 1, CS c = −1, if no current exists, then, 
When CS b = −1, CS c = 0, if no current exists, then,
When CS b = −1, CS c = −1, if no current exists, then,
Therefore, the difference in line voltage u ab between normal conditions and VT a2 open-circuit fault conditions is summarized in Table III . The theoretical waveforms obtained by the calculations are shown in Figure 7 .
IV. THE PROPOSED FAULT DIAGNOSIS METHOD
It is easily understood that two trigonometric functions with the same frequency and a phase difference can be combined into an ellipse in Cartesian coordinates. The angle and the eccentricity of the ellipse are fixed. This ellipse contains most of the information of the two trigonometric functions. When distortions exist, they can be clearly reflected by the ellipse. Therefore, the ellipse is utilized for diagnosis. According to the inverter output voltages under normal and faulty conditions, we can simulate the line voltages of all of the OC faults, then, the ellipses can also be obtained. Figure 8 shows the distorted ellipses generated by two simulated line voltages u AB and u BC under single-switch open-circuit fault conditions. The following diagnostic method is proposed.
It can be seen that the trace of the ellipse goes through the interior of the normal ellipse when a fault occurs. The fault can be detected if the trace is in the normal ellipse. It can be described as
It should be noted that α can be selected by considering the actual working environment and requirements, such as the noise and the outputs stability under normal operations. Here, α = 0.5. Once the fault is detected, the fault location process starts. As shown in Figure 8 , the ratio of the two line voltages is related to the fault phase. When fault occurs in a-phase, the ratio is approximately −2 in a period of time. When fault occurs in b-phase, the ratio is approximately 1 in a period of time. When fault occurs in c-phase, the ratio is approximately −0.5 in a period of time. Therefore, we identify the ratio r to determine the fault phase:
Fault is in a-phase. 1 Fault is in b-phase.
−0.5 Fault is in c-phase.
Actually, r is not strictly equal to one of these three numbers, and threshold is needed considering the noise, interference, and margin. Then, we have
Fault is in a-phase. After the fault phase is detected, the next step is to determine which arm fails. We define u AB as the difference between two adjacent sampling points of line voltage u AB . Because the point on the ellipse goes counterclockwise, we can determine the fault arm according to u AB on the distorted part of the ellipse, as given in (6) that crosses the origin with the ratio r. When the inner switch (such as VT x2 ) fails, most of the positive voltage values are lost. The distorted part and the normal part of the ellipse are on the same side of the line crossing the origin with the ratio r. Moreover, the distance between the distorted part and the line will not exceed a certain range, no matter which switch fails. For example, d 1 will not exceed d 2 in Figure 8 . Therefore, the failures of the outer switch and inner switch can be distinguished by the geometric inequalities (7)- (9), as shown at the bottom of this page. In equations (7) (8) (9) , ϕ is the phase difference. Usually, ϕ is −2π /3. Table IV shows the fault diagnosis of the proposed method. Any single-switch open-circuit fault can be located accurately according to Table IV. Because six arms are independent of the topological structure of the inverter, the correlation coefficient between any two switches in different arms is zero. In such condition, the effect of single-switch open-circuit faults is independent and the effect of certain double-switch open-circuit faults can be obtained through the effect intersection of the two corresponding single-switch open-circuit faults.
V. EXPERIMENTAL RESULTS
The proposed method was verified on the dSPACE platform. The experimental system comprised three parts: dSPACE, software, and hardware. dSPACE includes a DS1007 Pro- sensor box. The experimental system is shown in Figure 9 and the key parameters of the prototype are shown in Table V . Open-circuit faults were simulated by fault simulation signals from the computer. The fault location signal of each switch was monitored. It output ''0'' under normal operations, and output a positive number when the fault switch was located.
A set of experiments were carried out to verify the accuracy and effectiveness of the proposed method. Figure 10 shows the diagnosis of VT a1 open-circuit fault. As we observed, the fault occurred at t A . Before the fault occurrence, the ratio r changed periodically in the form of a tangent function. Both u AB and 2u AB + u BC were similar to sinusoidal functions. The fault was quickly located after the fault occurred. The time consumption from fault occurrence to fault location was 3.3 ms. diagnosed at t B . The entire process was completed within 8.9 ms. In addition, r had another value that was larger than zero. It appeared at the normal parts and the fault parts of the voltage waveforms. Although it indicated the failure of phase b, it was not considered as effective diagnosis information, because voltages at this time did not meet the requirement of (3) . Figure 12 presents the diagnosis of VT a1 &VT b1 open-circuit faults. After faults occurred at t A , the ratio r changed to two different constants for a period in each cycle. VT a1 and VT b1 open-circuit faults were located at t B and t C respectively. The entire process was completed within 10.5 ms, which is approximately half of a cycle. Figure 13 presents the diagnosis of a VT a1 open-circuit fault under different load conditions. Another load (4kW) was added and there was no difference between the results in Figure 13 and Figure 10 . Thus, the method is not affected by load condition. Beside the different load conditions, experiments were carried out to verify the robustness of the proposed method to other open-circuit failures occurred at the load side. These outside failures can lead to the current interruption, and most of the methods based on current detection are no longer applicable in this situation. The entire experimental process is shown in Figure 14 . First, the open-circuit fault of a-phase was simulated at t A near the load side. This fault caused slight voltage distortions and a few ratio ripples, however, it did not cause any false alarm. A single cycle later, VT a1 open-circuit fault appeared at t B and was successfully located at t C . The diagnosis result was not affected by the load failure. Therefore, the proposed method was immune to certain load open-circuit faults. There is a possibility that open-circuit faults may occur in the diodes, such as VD 1 , VD 2 , and VD 3 . We completed experiments to study the relationship between these faults and the proposed method. Figure 15 shows some distorted open-circuit faults, and they would be able to be located using this method with a few adjustment.
VI. CONCLUSIONS
This paper proposes a switch open-circuit fault diagnosis method for three level inverters based on line voltage detection. Under both normal and faulty operation, the possible values and waveforms of the two line-voltages are analyzed. Faults can be quickly located using the ratio of two linevoltages, the difference in line-voltage u AB , and the relationship of line-voltages u AB and u BC . The method has been verified on the dSPACE platform.
Unlike existing works, it has several superiorities: 1) Control signals, extra sensors, and any other modification are unnecessary for the proposed method. It requires only two existing voltage sensors for diagnosis, which is economic, simple, and can reduce the influences caused by the failure rate of information sources. 2) The proposed method is able to diagnose single-switch open-circuit faults, some of the double-switch open-circuit faults, and diode open-circuit faults. Moreover, the proposed method is superior to almost half of the existing works in the time consumption of fault diagnosis.
3) The proposed method is verified to be robust to certain load open-circuit failures, which has great impact on the current-based methods and those methods that require current detection. And the most important thing is that none of the existing methods has referred to and studied the problem yet.
However, the proposed method also has its challenge. It cannot diagnose double-switch open-circuit faults in the same arm without additional sensors. Future studies will be carried out to find an economic way to solve this problem. His main research areas include the fault diagnosis and fault tolerant control of power electronic converters.
